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INTRODUCTION
A reduction in CP content of pig weaner diets decreases the risk of postweaning diarrhea by reducing protein availability to potential enteric pathogens, including enterotoxigenic Escherichia coli (Wellock et al., 2008a) , and decreasing production of predisposition factors like biogenic amines, which arise from protein fermentation (Aumaitre et al., 1995) . However, low protein diets may also lead to a reduction in postweaning growth (Nyachoti et al., 2006; Wellock et al., 2006 Wellock et al., , 2008b , although such effects on performance may be short-lived (Wellock et al., 2008a) .
A reduced risk of postweaning diarrhea may result from an improved diet quality (e.g., by using animal protein sources instead of plant protein sources and processing cereal grains). This improves postweaning growth rate and may reduce time taken to reach slaughter (Pluske et al., 2002; Lawlor et al., 2003a,b; Doucet et al., 2006) . These improvements arise from an improved AA profile, increased digestibility of animal proteins (Aumaitre and Seve, 1978) , and reduced
The effect of weaner diet protein content and diet quality on the long-term performance of pigs to slaughter starch crystallinity of processed cereals (Zarkadas and Wiseman, 2001 ). An improvement in diet quality by using animal protein sources and processed cereals may minimize the reduction in performance arising from the use of decreased CP diets. However, better quality diets tend to be more costly than those based on plant protein sources and nonprocessed cereals. Therefore, it is important to investigate the long-term effect of improving diet quality in the immediate postweaning phase on pig health and performance to balance the improved health and performance observed in the immediate postweaning period and the increased costs of high quality diets. Thus, the aim of this study was to investigate the combined effects of manipulating CP content and diet quality for 2 wk postweaning on the performance of 28-d weaned pigs from weaning to slaughter under conditions similar to those seen on high health status commercial pig units following routine commercial practice.
MATERIALS AND METHODS
The Animal Experiments Committee of the Scottish Agricultural College approved the protocol used in the study.
Animals, Housing, and Management
The study was conducted at the Stotfold Pig Development Unit of the Meat and Livestock Commission (Hertfordshire, UK) using an all-in/all-out production system. A single flat deck (from weaning to the end of the weaner phase at approximately 30 kg) and finisher accommodation (from the end of the weaner phase to slaughter at approximately 100 kg) were used during each of the 5 experimental periods. Four hundred JSR Genepacker Gold (JSR, Driffield, UK) × Hampshire pigs of mixed sex (males and females), weaned at 29.4 ± 3.1 d and 9.9 ± 1.0 kg of BW, were used in the study. At weaning (d 0), pigs were removed from the sow and randomly assigned to the 4 experimental treatments based on BW and sex, with littermates equally divided across treatment groups, resulting in 3 pens per treatment in each of the 5 periods. Pigs were housed in groups of 6 or 7 in 1 of 12 pens (1.3 × 1.9 m) per flat deck. Group numbers were balanced among treatments within each period. This resulted in 15 replicates per treatment throughout the study during the weaner phase (weaning until approximately 30 kg). Pens had a fully slatted cast iron floor, 2 nipple drinkers, and 2 feed troughs with 4 feeding spaces per trough. The room temperature within the flat deck was preheated to 28°C with 5% minimum ventilation immediately postweaning. These settings were reduced gradually over a 42-d period to 21°C with 20% minimum ventilation.
At the end of the weaner phase, all pigs less than 22.5 kg of BW and any pigs suffering from health or welfare problems were removed from the study following standard farm procedure. Between 16 and 18 pigs per treatment were chosen at random from the same treatment group within each flat deck room (3 pens per treatment) and mixed into 1 of 4 pens (5.7 × 3.6 m) per finisher room until slaughter (approximately 100 kg). This resulted in 83 pigs and 5 replicates per treatment. Finisher pens had solid floors bedded with straw, 4 nipple drinkers, and 1 feed trough with 4 feeding spaces. The finisher accommodation was preheated to a temperature of 23°C when pigs first entered. The temperature was reduced gradually to 16.5°C over the first 42 d. Minimum ventilation was set at 7.5% when pigs entered the finisher room and was gradually increased to a minimum of 17% from d 127 onward. Flat deck and finisher accommodations were provided with artificial light between 0730 and 1630 h, and fresh feed and water were available ad libitum throughout the study.
Experimental Design, Diets, and Feeding Programs
The experiment consisted of a 2 × 2 factorial combination of CP content (high, 230 g of CP/kg vs. low, 170 g of CP/kg) and diet quality (high-quality vs. low-quality). The high-quality diets contained cooked cereals (micronized wheat, micronized maize, and cooked dehulled oats) and animal protein sources (fish meal and dried skimmed milk powder), whereas the low-quality diets contained raw cereals (wheat, maize, and dehulled oats) and plant protein sources (soybean meal and full fat soybean). All diets were formulated to contain 16.0 MJ of DE/kg and balanced for sodium, lactose, and essential AA composition as a proportion of CP. Diets were formulated within the nutritional constraints of the experiment from readily available commercial ingredients using a best-cost formulation program. The composition and chemical analyses of the experimental diets are shown in Table 1 
Sampling Collection and Measurements
Feed Intake and BW. Daily pen feed intake was calculated from the amount of feed offered throughout the study, and feed refusals taken on d 14, end of weaner phase (approximately 30 kg), and at slaughter (approximately 100 kg). For the liquid feed, a dry meal equivalent was used. The BW was measured at weaning (d 0), d 14 postweaning, at the end of the weaner phase, and at slaughter.
Health Status and Fecal Sampling. Mean pen fecal scores, cleanliness scores, and health scores were taken each morning throughout the 14-d postweaning period and weekly thereafter until the end of the weaner phase using a subjective score ranging from 1 to 4 (Wellock et al., 2006 (Wellock et al., , 2008b . Visual fecal (1 = firm, 2 = soft, 3 = mild diarrhea, and 4 = severe diarrhea), cleanliness (1 = clean, 2 = light contamination with fecal material, 3 = contaminated, and 4 = heavily contaminated), and health (1 = no signs of ill health, 2 = some signs of ill health, 3 = clear indications of ill health, and 4 = seriously ill) scores were assessed by the same trained individuals with no prior knowledge of the treatment allocation. Fresh fecal samples were collected from 1 pig per pen directly from the rectum on d 11 postweaning to assess enterotoxigenic E. coli, lactobacilli, and coliform concentrations. Slaughter Measurements. Pigs were slaughtered via gas stunning and bleeding (Grampian abattoir, Haverhill, Suffolk, UK). Individual hot and cold carcass weights and backfat thickness (P2) were determined, percentage lean was calculated, and condemnations were recorded.
Detection and Enumeration of Enterotoxigenic E. coli, Lactobacillus, and Coliforms. The microbiological methodologies used have been described in detail elsewhere (Wellock et al., 2006) . In summary, approximately 1 g of each fecal sample was serially diluted to 10 −9 in sterile PBS, and 100-µL aliquots were plated on sheep blood agar (E&O Laboratories Ltd., Bonnybridge, UK). The number of enterotoxigenic E. coli (cfu) was counted after 24 h incubation (37°C) under aerobic conditions. Randomly picked colonies were identified and confirmed by slide agglutination with specific antiserum K91 and K88 as enterotoxigenic E. coli 0149 (Mast Group Ltd., Bootle, UK). Lactobacilli and coliforms counts were performed by standard enumeration techniques using de Man-Rogosa-Sharpe and MacConkey agar (E&O Laboratories Ltd.), respectively.
Statistical Analyses
The data were analyzed as a 2 × 2 factorial analysis of CP content (high-CP vs. low-CP) and diet quality (high-quality vs. low-quality) using 2-way ANOVA with CP content, diet quality, and their interaction.
The weaner pen (n = 15) was the experimental unit for the analysis from weaning to the end of the weaner phase, and the finisher pen (n = 5) was the experimental unit from the end of the weaner phase to slaughter. Pig weaning weight was used as a covariate and the experimental period as the block. The effect of dietary treatment on the number of pigs removed from the trial due to ill health or low BW at the end of the weaner phase was determined by GLM using binomial proportions with CP and diet quality as the main factors. All statistical analyses were performed using Genstat (Lawes Agricultural Trust, Rothamsted, Herts, UK). Pen mean fecal, cleanliness, and health scores were averaged over each of the dietary periods and enterotoxigenic E. coli, Lactobacillus, and coliform counts were log 10 transformed before analysis and calculation of the lactobacilli to coliform ratio.
RESULTS

Fecal, Cleanliness, and Health Scores
The number of pigs removed from the study and reasons for removal is given in Table 2 . One pig from the high-CP and low-quality treatment group was excluded from the analysis because it was found to have a 12-kg internal abscess and condemned at the abattoir. There was no effect of CP content or diet quality on the number of pigs removed from the trial during the weaner or grower-finisher phase. However, more pigs tended to be removed from the low CP treatments than the high CP treatments (8/197 vs. 3/197 ; P = 0.083) at the end of the weaner phase due to low BW (<22.5 kg). Pigs chosen at random and mixed from 3 weaner pens per treatment into group sizes of 16 to 18 (n = 5).
There was little incidence of postweaning diarrhea during the study, and no clinical cases of any postweaning enteric disorders were recorded. Pigs fed the highquality diets had less fecal scores than pigs fed lowquality diets during the first 14 d postweaning (1.96 vs. 2.08; P = 0.012; Table 3 ) and over the whole weaner phase (1.97 vs. 2.07; P = 0.026). There was no effect of diet quality on cleanliness score, but pigs on the high-quality diets tended (P = 0.058 to 0.143) to have a decreased health score compared with pigs on the low-quality diets during those phases. There was no effect of CP content or any CP content × diet quality interaction on fecal, cleanliness, or health scores.
Microbiology
Pigs consuming the high-quality diets had fewer coliforms (6.97 vs. 7.54 cfu/g; P = 0.006) and enterotoxigenic E. coli (4.68 vs. 6.13 cfu/g; P = 0.028) than pigs on the low-quality diets and tended to have increased lactobacilli numbers (9.23 vs. 8.98 cfu/g; P = 0.061) in fecal samples taken on d 11 postweaning (Table 3) . Consequently, pigs on the high-quality diets had an increased fecal lactobacilli to coliform ratio compared with pigs on the low-quality diets (1.34 vs. 1.21 cfu/g; P = 0.002). There was no effect of CP content on fecal lactobacilli to coliform ratio, enterotoxigenic E. coli, or coliform numbers, even though pigs on the high-CP diets had greater lactobacilli counts than pigs on the low-CP diets (9.26 vs. 8.95 cfu/g; P = 0.019).
Pig Performance
Improved diet quality (P = 0.025) and greater CP content (P = 0.053) both increased ADG during the 0 to 14 d postweaning period, leading to heavier pigs on d 14 postweaning (high CP = 13.07 vs. low CP = 12.59 kg; high quality = 12.99 vs. low quality = 12.76 kg; Table 4 ). There was no effect of diet quality or CP content on ADG or BW during any of the phases after d 14 postweaning. There was a trend for an interaction between CP content and diet quality (P = 0.051) on BW at slaughter, with pigs on the high-CP and high-quality diet being the heaviest (106.8 kg) and pigs on the low-CP and low-quality diet being the lightest (102.4 kg).
Pigs on the high-quality diets had greater ADFI than pigs on the low-quality diets during the 0 to 14 d postweaning period (347 vs. 310 g; P < 0.001). There was no difference in ADFI among any of the phases after d 14 postweaning when all pigs received the same diets. There was no effect of CP content or diet quality × CP content interaction on ADFI throughout the whole study period. Pigs consuming the high CP diets had greater G:F than pigs on the low CP diets in the 0 to 14 d treatment period (0.70 vs. 0.60; P = 0.020), but G:F was not affected by diet quality or CP content over any other phase during the study.
There was no effect of diet quality or CP content on the number of days pigs required to reach the end of the weaner phase (32.9 ± 3.3 kg), slaughter weight (104.3 ± 2.9 kg), or number of days spent on each of Diet quality: high = cooked cereals and animal protein, and low = raw cereals and plant protein.
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Fecal score (1 = firm, 2 = soft, 3 = mild diarrhea, and 4 = severe diarrhea).
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Cleanliness score (1 = clean, 2 = light contamination with fecal material, 3 = contaminated, and 4 = heavily contaminated).
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Health scores (1 = no signs of ill health, 2 = some signs of ill health, 3 = clear indications of ill health, and 4 = seriously ill).
Protein content and diet quality in pig diets the 3 diets during the weaner phase. Pigs took 49 ± 4.6 d and 127.9 ± 7.1 d to reach the end of the weaner phase and slaughter weight, respectively (Table 4) .
Carcass Measurements
Diet quality and CP content did not affect P2 back fat thickness or calculated percentage lean at slaughter (Table 5 ). There was a diet quality × CP content interaction on hot (P = 0.028) and cold (P = 0.011) carcass weights, following the same trend observed on slaughter weight. Pigs consuming the high-CP and high-quality diet had the heaviest hot and cold carcass weights, whereas pigs receiving the low-CP and low-quality diet had the least.
Economic Analysis
Using raw material prices in the United Kingdom as of June 1, 2006 (the day of diet manufacturing), the high-CP and high-quality diet was the most expensive diet and the low-CP and low-quality diet was the least expensive per ton (Table 6 ). In terms of per kilogram of pig BW gained, the high-CP and high-quality diet remained the most expensive, whereas the high-CP and low-quality diet was the most economical over the 14-d treatment period. Over the 14-d treatment period (P < 0.001) and from weaning to the end of the weaner phase (P = 0.021), the high-quality diets were more expensive than the low-quality diets per kilogram of BW gain. This was reflected in a poorer margin over feed costs over the 14-d treatment period (high-quality = $3.14/pig vs. low-quality = $3.86/pig, P = 0.125). There was no effect of CP content on cost per kilogram of BW gain over the 14-d treatment period (high-CP = $1.01 vs. low-CP = $1.02/kg). There was no effect of diet quality or protein content on lifetime feeding cost per kilogram of BW gain or margin over feed.
DISCUSSION
This study assessed the short-and long-term effects of manipulating CP content and diet quality during the immediate postweaning period on pig health and performance. Treatment diets were fed for 14 d postweaning to assess if dietary manipulation in this critical period could decrease the risk of postweaning disorders without having any long-term effects on pig Diet quality: high = cooked cereals and animal protein, and low = raw cereals and plant protein. Liquid meal intake converted to dry meal equivalent (DM of liquid diet = 22%).
performance. There was no detrimental effect of feeding high protein on pig health, with no cases of postweaning diarrhea observed in either of the CP treatment groups. This was contrary to expectation and the results of others, including our previous investigations, where an increase in dietary CP has led to an increase in fecal enterotoxigenic E. coli numbers and increased fecal score (Prohászka and Baron, 1980; Wellock et al., 2008a) . A potential explanation for this apparent difference may arise from the health status of the pigs in this trial. Unlike in experiments where a positive effect of decreasing CP content has been observed on gut health and occurrence of postweaning diarrhea, pigs in the current study may not have been exposed to sufficient numbers of enterotoxigenic E. coli to cause potential problems. For example, in Wellock et al. (2008a) , pigs were experimentally infected with 10 9 cfu of enterotoxigenic E. coli on d 3 postweaning. The relatively heavy weaning weight (9.86 ± 1.03 kg), high health status, and high standard of environmental control and stock management may also have helped maintain pig health allowing high concentrations of CP to be fed with no apparent problems.
Pigs fed the high-quality diets seemed to be healthier than those fed the low-quality diets as reflected by decreased fecal and health scores, decreased enterotoxigenic E. coli numbers, and an increase in the lactobacilli to coliform ratio. Animal-based proteins and processed cereals are more readily digested by newly weaned pigs than most plant proteins and raw cereals due to the positive AA profile of animal proteins and the reduced starch crystallinity of processed cereals (Aumaitre and Seve, 1978; Pierce et al., 2004) . Consequently, less substrate would be available to any microflora, including enterotoxigenic E. coli, present in the gastrointestinal tract. The benefit of including dried-skim milk powder as the main protein source instead of soybean meal in newly weaned pig diets has been demonstrated in both Diet quality: high = cooked cereals and animal protein, and low = raw cereals and plant protein.
3 Estimated using Hennessy Grading Probe (Hennessy Grading Systems Ltd, Auckland, New Zealand): calculated lean % = 62.8 -0.51a − 0.44b + 0.19c, where a = P2 fat depth (mm), b = fat depth (mm) measured at 3rd/4th from the last rib, 7-cm from midline, and c = LM depth (mm) measured at 3rd/4th from the last rib, 7-cm from midline. Diet quality: high = cooked cereals and animal protein, and low = raw cereals and plant protein. Protein content and diet quality in pig diets high-health (Wellock et al., 2006) and challenging environments (Wellock et al., 2008a,b) .
Pigs offered the high-protein diets had increased rates of gain during the 14-d dietary treatment period than those fed the low-protein diets. These findings agree with several studies where an increase in postweaning dietary CP supply has led to an increase in ADG and BW (Bikker et al., 2006; Nyachoti et al., 2006; Wellock et al., 2006) . However, there was no effect of CP content on feed intake over the 14-d period, with the increase in ADG being achieved by an improvement in G:F of pigs on the high-CP diets compared with those on the low-CP diets.
The increased digestibility of the animal protein and processed cereals (Cole and Sprent, 2001; Zarkadas and Wiseman, 2001 ) contained in the high-quality diets compared with plant protein and raw cereals, respectively, in the low-quality diets may be responsible for the increase in performance observed in the present and other studies (Friesen et al., 1993; Lv et al., 2006; Wellock et al., 2006) , with newly-weaned pigs being able to increase intakes on highly digestible diets because of the reduced nutrient bulk from within the gastrointestinal tract. Unlike the observations of others (Friesen et al., 1993; Wellock et al., 2006) , there was no effect of diet quality on G:F in this trial.
Given the apparent absence of infection pressure, it may be expected that the 4 feeding treatments would result in different degrees of performance. The high-CP and high-quality diet resulting in the best performance, the low-CP and low-quality diet resulting in the poorest performance, with the other 2 diets intermediate. The ADG during the immediate postweaning period follows this ranking, supporting the hypothesis that an improved diet quality may indeed minimize the reduction in performance arising from the use of decreased CP diets. Despite these differences in performance up to 14 d postweaning, there was no effect of protein content or quality of the postweaning diet on the BW of pigs at the end of the weaner phase and slaughter. The issue is whether this apparent catch-up could be considered as evidence of compensatory growth. However, it can be argued that this is not the case. The lack of difference in BW is more likely a result of the fact that the small difference in BW observed at 14 d postweaning (<0.5 kg) is not large enough to be detected, statistically, at the end of the weaner and slaughter phases where 0.5 kg represents less than 2 and 0.5% of BW, respectively. This small difference in BW would be hard to distinguish from the normal variation of growth observed among animals, typically around 10% CV at slaughter. Furthermore, a subsequent increase in the ADG of pigs on the low-CP and low-quality treatment groups compared with those on the high-CP and high-quality treatment groups, respectively, would be necessary for compensatory growth to be observed. This was not observed in this study.
The small, nonsignificant difference in slaughter weight observed in this study between the low-CP and high-CP treatment groups was due to small differences in the length of time pigs remained on the trial, specifically while on the liquid diet. This was not a design of the study, but reflects the outcome of the commercial practice on the trial farm. Corrected for an equal number of days on trial (128 d), calculated BW were 104.1 ± 12.9, 106.0 ± 12.5, 106.4 ± 12.1, and 103.0 ± 11.6 kg for the low-CP and high-quality, low-CP and lowquality, high-CP and high-quality, and high-CP and low-quality treatment groups, respectively. These values are not statistically significant and support the suggestion that performance to slaughter was not affected by treatment during the first 14 d postweaning.
More pigs were removed from the trial at the end of the weaner phase for being less than 22.5 kg on the low CP diets than on the high CP diets. It is a common commercial practice on some UK farms to remove and group together pigs that have not attained a minimum BW at critical points of the operation to manage groups of pigs more appropriately. This removal of pigs may have introduced a slight bias on the performance of pigs from the end of the weaner phase to slaughter because the lightest pigs had been removed, leading to an increase in average BW at the start of this phase. However, the lack of difference observed in ADG among treatment groups from d 14 to the end of the weaner phase (i.e., before the lighter pigs were excluded) indicates that such bias was not likely to have greatly affected the results. An increase in carcass fatness may have been expected in pigs fed the low-CP diets at the end of the dietary treatment period because they consumed excess energy to meet protein requirements as reported by Kyriazakis et al. (1990) . However, any potential difference in carcass composition that may have been present at the end of the dietary treatment period was not present at slaughter.
Feeding the high-quality diets was more expensive per kilogram of BW gain from weaning to the end of the weaner phase compared with low-quality diets, indicating potential savings in weaner feed costs. These differences are likely to have been accentuated with the dramatic increases in raw material prices observed since June 2006 when this trial was initiated. However, there was no effect of weaner diet on the cost per kilogram of BW gain from weaning to slaughter, a reflection of the small proportion the treatment diet contributed to total lifetime intake (<2.5%). Whereas the high-CP and low-quality diet was the most cost effective per kilogram of BW gained during the weaner phase in this study, this may not be the case where pigs are exposed to increased disease pressures because increased protein levels and decreased diet quality have been shown to increase susceptibility to postweaning diarrhea (Pluske et al., 2002; Doucet et al., 2006; Wellock et al., 2006 Wellock et al., , 2008a , which will in turn have a large impact on farm profitability. Producers who face such challenges within their units will struggle to decrease their weaner diet cost without a loss of both performance and margin.
In conclusion, feeding high-protein and high-quality diets in the 2 wk postweaning period enhanced pig performance for the first 14 d postweaning, but had no effect on lifetime performance. There was no evidence of compensatory growth, with no differences in ADG among treatments in the posttreatment phase. Diets containing high quality raw materials promoted gut health at 11 d postweaning and reduced the risk of postweaning diarrhea, whereas there was no effect of CP content on pig health. These results indicate that it may be possible to use the less expensive, decreased quality weaner diets without any adverse effects on lifetime performance when weaning later, weaning heavier piglets, and where health status, environmental control, and stock management are all maintained to a high standard.
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